Whether searching for targets in a familiar scene leads to improved performance was tested in monkeys. We found that search performance improved for a familiar scene when target locations were always randomized. However, when target locations repeatedly followed a predictable sequence, performance improvement for a familiar scene was manifested only for targets presented in a familiar sequence, suggesting that scene memory might be masked by the learning of target sequences. These results suggest that information about a visual scene can facilitate the performance of visual search, and that this memory is coupled to the learned sequence of target locations.
Introduction
Primates like most other animals spend much of their time seeking after various objects for survival and reproduction. Most of these searches are performed in the visual domain, lending ecological relevance to the studies of visual search. In addition, visual search provides a rich set of opportunities to test various models of cognition, since it consists of various information processing stages. In a typical search task, one remembers a target object (working memory), distinguishes it from non-target items (object recognition), and generates an appropriate response (response selection) according to the presence or absence of the target. Difficulty of visual search is influenced by a number of perceptual factors (for review, see Wolfe, 1998a) . For example, how search performance changes with the number of items in the display (referred to as set size effect) varies according to the relationship between targets and distractors. For some search task (e.g., looking for a red disk among green disks), performance is relatively unaffected by the set size, whereas in other cases performance deteriorates with increases in the set size. This basic finding has led many researchers to propose a dichotomy between serial and parallel search processes (Neisser, 1967; Townsend, 1990; Treisman & Gelade, 1980) . However, the empirical data are not consistent with a strict dichotomy, but rather suggest a continuum in the search efficiency (Wolfe, 1998b) .
Considering that many search tasks are repeatedly performed in the same environment, it is not surprising that visual search performance is often influenced by experience. For example, performance can be enhanced when similar target items are searched in successive trials (Maljkovic & Nakayama, 1994 , 1996 or when a familiar visual display provides contextual information about the location or identity of the target (Chun, 2000; Chun & Jiang, 1998 . In addition, practice with certain types of visual stimuli can also improve the efficiency in examining multiple items in the search display (Leonards, Rettenbach, Nase, & Sireteanu, 2002; Sireteanu & Rettenbach, 1995 . Nevertheless, the role of memory in visual search and other visual tasks remains poorly understood. For example, Wolfe and his colleagues have found that performance is relatively unaffected by experience with a particular visual scene. They suggested that attentional processing of various objects in a particular scene does not contribute to improving the visual representation of the same scene (Wolfe, Oliva, Butcher, & Arsenio, 2002) . This proposal can account for the poor ability of human subjects to detect changes in the visual environment, a phenomenon known as ''change blindness'' (Simons & Levin, 1997) . In contrast, some studies have demonstrated robust memory of visual scene (Gilchrist & Harvey, 2000; Hollingworth & Henderson, 2002; Kristjansson, 2000; Peterson, Kramer, Wang, Irwin, & McCarley, 2001) . It is possible that the role of memory in visual behavior might be determined by the nature of the task and how memory is assessed (Hayhoe, 2000; Hayhoe, Bensinger, & Ballard, 1998; Hollingworth & Henderson, 2002; Karn & Hayhoe, 2000) .
In natural search behavior, people and animals often search for multiple target items sequentially, and the scene of target and distractor items often remains unchanged. As a result, the sequence of target locations and therefore that of corresponding movements (e.g., reaching or saccades) may become predictable. In the present study, we investigated how visual search performance of rhesus monkeys is influenced by experience with a particular search array or a particular sequence of target locations. To investigate how these factors influence the performance of search behavior, the familiarity of scene and target sequence was manipulated independently. The results showed that the search performance was enhanced as the same search array was repeatedly searched. However, when target positions repeatedly followed a fixed sequence, such benefit was manifested only when targets were presented in a predictable order. These results suggest that the processes of learning visual scenes and movement sequences might be coupled.
Methods

Animal preparation and apparatus
Two male rhesus monkeys (Macaca mulatta, body weight ¼ 5-7 kg) were used in this study. The animal was seated in a custom-designed primate chair and faced a computer monitor located approximately 57 cm from their eyes. All visual stimuli were presented on the computer monitor, and the animal was trained to acquire a target stimulus with a feedback cursor (white disk, radius ¼ 0.5°) by moving his right hand on a touch screen. The touch screen was installed horizontally at the animalÕs waist level and the output of touch screen was sampled at 100 Hz with a resolution of 0.5 mm. The touch screen was calibrated so that 1 cm displacement in the touch screen corresponded to the same distance (1 cm or approximately 1°visual angle) on the computer screen. All the procedures used in this study were approved by the University of Rochester Committee on Animal Research, and conformed to the principles outlined in the Guide for the Care and Use of Laboratory Animals (NIH publication no. 85-23, revised 1985) .
Procedures
Targets were presented in a 3 Â 3 grid and nine gray circles (radius ¼ 2.3°) were displayed constantly as placeholders (Fig. 1) . The center-to-center distance between the neighboring place-holder circles was 5.6°, both horizontally and vertically. Targets and distractors were selected from a set of nine different stimuli created using three different shapes (circle, square, and cross) and three different colors (red, green, and yellow; see Fig. 1 ). In each trial, the animal was required to acquire 8 (Experiment 1) or 10 (Experiment 2) targets correctly to obtain a juice reward. The first target in each trial was presented by itself, and the remaining targets were accompanied by distractors. The identity of the next target item was indicated to the animal by presenting a sample in the current target location. The sample was made 50% larger than the target to distinguish it from other stimuli in the display. A trial was aborted without any reward if the animal failed to acquire the next target within 2.5 s from the sample onset. Otherwise, there were no other spatial or temporal restrictions on the trajectory of the hand movement. The interval between the acquisition of a given target and the onset of the next sample was always 250 ms. In the present study, a scene is defined as a particular spatial distribution of nine different stimuli in the 3 Â 3 grid. Since there was a total of nine different stimuli (3 shapes Â 3 colors), a total of 362,880 (9!) scenes could be created. Each day, one of these scenes was selected randomly as a fixed scene. In both of the experiments described below, fixed scenes were presented in a majority of trials, whereas in some trials, scenes were randomized for individual targets or trials (see below). In Experiment 1, the effects of scene familiarity were examined for random target locations. For this experiment, fixed scenes were used in six trials selected randomly in a block of 10 trials (fixed scene condition). In two trials in each block, a scene was selected randomly for each trial, but it was held constant throughout the trial (random scene condition). Finally, in the remaining two trials, the scene changed randomly for each target (dynamic scene condition). The location of the target was determined randomly for each movement, except that the two successive targets never appeared in the same location. Each animal participated in this experiment for 6 days, and performed 800 correct trials (¼6400 movements) per day.
In Experiment 2, we tested whether scene memory is influenced by the predictability in target locations. In addition to a fixed scene, a sequence of nine target locations was generated randomly without replacement each day and designated as a fixed sequence. In a block of 10 trials, the scene type and the sequence type were crossed to yield the following four different trial types. For seven trials selected randomly in each block, both the scene and the target sequence were fixed (fixedsequence/fixed-scene). Each block also included a trial in which the target sequence was fixed and the scene was randomized for each trial (fixed-sequence/randomscene), and a trial in which the scene was fixed and the target sequence was selected randomly for each trial without replacement (random-sequence/fixed-scene). Finally, both the scene and the target sequence were random for a trial in each block (random-sequence/ random-scene). Since the length of the sequence was 9, the last target in every trial was presented in the same location as the first target. Each animal participated in this experiment for 5 days, and performed 900 trials (¼9000 movements) per day.
Data analysis
Both animals maintained the contact with the touch screen almost constantly throughout trials, and thus provided reasonably accurate information regarding the hand kinematics. To recover smooth hand trajectories, digitized outputs of the touch screens were smoothed with a five-point median filter followed by a Gaussian filter (r ¼ 10 ms). A movement toward a target was judged successful if the target was acquired within 2.5 s from its onset and if the hand velocity did not fall below 1 cm/s within 1.6 cm radius from the center of any distractor. Otherwise, the movement was classified as an error. In the present study, the animals acquired targets with reaching movements, and therefore reaction times and search times were defined separately. For successful movements, reaction time was defined as the interval between the time of target onset and the time when the position of the animalÕs hand on the touch screen exited a circular window of 1.6 cm radius around the previous target. In addition, search time was defined as the interval between the time of target onset and the time when the hand entered the circular window of 1.6 cm radius around the target. The effects of scene and sequence familiarity on performance were also examined for two kinematic parameters. First, relative peak velocity for a given movement was defined as the peak velocity of the hand during the movement divided by the distance between the old and new targets. Second, relative peak deviation from a straight trajectory was defined as the maximum deviation of the hand position during the movement from the straight line connecting the centers of the old and new targets, divided by the distance between the two.
Statistical analysis was performed with repeated measures analysis of variance (ANOVA) using SPSS (SPSS Inc, IL). For Experiment 1, three different types of scenes (fixed-scene, random-scene, and dynamic-scene) were referred to as a Scene factor. In addition, targets for the first and second halves of a given trial were analyzed separately as early and late Target Groups to determine whether the search performance is influenced by the amount of experience with a particular scene within a given trial. Finally, the results from the first 200 trials in each daily session were analyzed as a baseline separately from the remaining trials and this comparison is identified as a Training factor. For Experiment 2, scenes could be fixed or random (Scene). Similarly, target sequence could be fixed or random (Sequence). Early and late Target Groups refer to the targets in the first and second halves in a given trial. As in Experiment 1, Training factor distinguished the first 200 trials from the remaining trials in a given session. For both experiments, the movement to the first target in each trial was excluded from the analysis, since no distractors were presented for the first target. Error rates, reaction times, search times, relative peak deviations from straight trajectories, and relative peak velocities from a given daily session were averaged separately for all possible combinations of different factors, and the results were subjected to the repeated measures ANOVA (three-way for Experiment 1 and four-way for Experiment 2). For error rates, the values of asin transformation (i.e., asin ffiffi ffi x p ) were used to equalize the variance (Snedecor & Cochran, 1989) .
Results
Effects of scene familiarity for random target locations (Experiment 1)
The results from the two animals were combined, since they were qualitatively similar. Overall error rate in the Experiment 1 was 9.7%. In addition, the error rates differed across different scene conditions (F ð2; 10Þ ¼ 32:76, p < 0:001). Error rates were lower in the fixed-scene condition (8.8%), compared to randomscene (10.4%) or dynamic-scene (11.5%) conditions. In addition, there was a significant three-way interaction (Scene Â Target Group Â Training, F ¼ 7:91, p < 0:01), reflecting the fact that the effect of experience with a fixed scene was larger during the second half of a given trial (Targets #5-8; Fig. 2 ). Since we were mainly interested in how the performance was influenced by scene familiarity, main or interaction effects without Scene factor were not the focus of our study. Nevertheless, the main effects of Target Group (F ð1; 11Þ ¼ 23:89, p < 0:001) and Training (F ð1; 11Þ ¼ 13:91, p < 0:005) were both significant, indicating that the error rates increased during each trial and throughout each daily session. Target Group Â Training interaction was also significant (F ð1; 11Þ ¼ 8:60, p < 0:05), reflecting the fact that the increase in the error rates throughout the session occurred mostly during the second half of a given trial (Fig. 2) .
There was a small, but significant effect of Scene on the reaction time (F ð2; 10Þ ¼ 7:61, p < 0:01). The mean reaction time was 337.4, 338.8, and 335.3 ms for the fixed-scene, random-scene, and dynamic-scene conditions, respectively. No other main effects were significant, and the only significant interaction was found for Scene Â Target Group (F ð2; 10Þ ¼ 4:90, p < 0:05), related to the fact that the decrease in the reaction times for the dynamic-scene condition was slightly larger for the targets presented later in the trials.
The effect of Scene on search times was statistically significant (F ð2; 10Þ ¼ 21:20, p < 0:001). Pair-wise comparisons indicated that the mean search time in the random-scene condition was significantly different from that in either of the other two conditions (p < 0:001). The mean search time was 700.0, 714.3, and 700.2 for the fixed-scene, random-scene, and dynamic-scene conditions, respectively. The decrease in search time for the fixed-scene condition presumably reflects the beneficial effect of familiar scenes, since the error rates were similarly reduced in this condition. In contrast, the decrease in search time for dynamic-scene condition is likely the result of speed-accuracy tradeoff, since the error rates were higher in the same condition (see above). Search time changed systematically throughout a given daily session. The main effects of Training (F ð1; 11Þ ¼ 54:92, p < 0:001) and Target Group (F ð1; 11Þ ¼ 62:93, p < 0:001) as well as their interaction (F ð1; 11Þ ¼ 52:88, p < 0:001) were all significant, indicating that the search time decreased in the second half of each trial and increased systematically throughout each daily session. In addition, the difference in the search time for the first and the second halves of each trial increased throughout each daily session.
Interaction between scene and sequence familiarities (Experiment 2)
The overall error rate in Experiment 2 was 3.5%. Error rates decreased for fixed sequences (3.4% vs. 7.0%; F ð1; 9Þ ¼ 95:298, p < 0:001; Fig. 3 ) and for fixed scenes (4.6% vs 5.9%; F ð1; 9Þ ¼ 17:38, p < 0:005; Fig. 3 ). No other main or interaction effects were significant for error rates.
The mean reaction time was 304.9 ms, and this was similar across different conditions. For reaction time, no main effects were significant. The only significant interaction was Sequence Â Scene Â Target Group (F ð1; 9Þ ¼ 17:10, p < 0:005). This is related to the fact that the beneficial effect of a fixed scene was manifested mostly for the targets presented in the second half of each trial and for the targets presented in a fixed sequence. For the trials with a fixed sequence, the mean reaction time for the targets in the first half (#2-5) of each trial was 1.5 ms longer for fixed scenes than for random scenes. For the targets in the second half (#6-10), however, the mean reaction time was 6.9 ms shorter for fixed scenes than for random scenes.
The mean search time decreased from 662.2 to 619.3 ms for fixed sequences, and this difference was statistically significant (F ð1; 9Þ ¼ 22:04, p < 0:005; Fig. 3 ). In addition, there was a significant Sequence Â Training interaction (F ð1; 9Þ ¼ 13:74, p < 0:01), indicating that the effect of a fixed sequence increased throughout each daily session (Fig. 3) . The mean search time also decreased from 643.9 to 637.5 ms when the scene was fixed. Although this different was not statistically significant (F ð1; 9Þ ¼ 4:65, p ¼ 0:059), there was a significant Sequence Â Scene interaction (F ð1; 9Þ ¼ 9:59, p < 0:05), reflecting the fact that the search time was influenced by scene familiarity only when the target sequence was fixed (Fig. 3) . When the target sequence was random, the mean search time was in fact slightly larger for the fixed scene (663.8 ms) compared to random scenes (660.6 ms; D ¼ 3:2 ms). When target sequence was fixed, the mean search time was 611.2 and 627.3 ms for fixed and random scenes, respectively (D ¼ À16:1 ms). In addition, there was a significant Scene Â Target Group interaction (F ð1; 9Þ ¼ 7:08, p < 0:05), indicating that the difference in the search time for the fixed and random scenes was manifested mostly during the second half of a given trial (Fig. 3, Targets #6-10 ). In addition, search time decreased systematically within a given trial, presumably as the animals motivational level rose toward the end of the trial. The search time increased gradually within a given session, which might reflect either fatigue or satiety with reward. The main effects of Target Group (F ð1; 9Þ ¼ 48:62, p < 0:001) and Training (F ð1; 9Þ ¼ 14:78, p < 0:005) as well as their interaction (F ð1; 9Þ ¼ 13:74, p < 0:01) were all significant.
Effects on hand trajectories
For both experiments described above, familiarity with scene and target sequence influenced mostly search times, whereas reaction times were relatively unaffected, suggesting that the movement duration was shortened with experience. To determine whether this was due to changes in hand velocity or straightness of hand trajectory, peak velocity of the hand and its maximum deviation from a straight trajectory were measured for individual movements. As summarized in Table 1 , the results were not always consistent across the two experiments. Nevertheless, the trajectories of movements generated during the search in familiar scenes tended to be straighter, and their peak velocities were significantly higher, suggesting that both of these parameters were affected by scene familiarity (Fig. 4) . For example, in Experiment 1, there was a significant main effect of Scene on the maximum deviation of the hand from straight trajectories (Fig. 4, Table 1 ). In addition, Training Â Scene interaction effect on peak velocity approached the level of statistical significance (F ð2; 10Þ ¼ 3:99, p ¼ 0:053). In Experiment 2, there was a significant Scene Â Sequence interaction (F ð1; 9Þ ¼ 5:86, p < 0:05) on peak velocity, mirroring a similar effect on search time. Although Scene Â Sequence interaction was not significant for the deviation from straight trajectory, Training Â Scene and Training Â Target Group Â Scene interaction effects were both significant.
Discussion
Learning and memory in visual search
When people and other animals perform visual search, they often look for a particular item more than once in the same environment. Therefore, a memory mechanism to extract and store invariant relationship between various aspects of the environment and the target location would be beneficial (Chun, 2000; Chun & Jiang, 1998) . Such a memory system must be tuned carefully, however, because the amount of information available in a typical visual environment is vast and probably exceeds the capacity of the visual system. Therefore, observers might retain only the minimum amount of information necessary to perform a given task, especially when other information can be retrieved readily from the visual environment (Hayhoe, 2000; Hayhoe et al., 1998) . In fact, the studies of change blindness showed that the visual system is often oblivious to substantial changes in the visual display unless such changes occur in an area currently attended by the observer (Rensink, 2000; Rensink, OÕRegan, & Clark, 1997) . Similarly, subjects performing visual search are likely to retain only the type of information that can consistently facilitate the identification and localization of the target (Chun, 2000) .
In the present study, we found that search performance can be enhanced in rhesus monkeys when the same scene is repeatedly searched, indicating that the animals were able to retain information about the spatial layout of potential target items in the display. It must be noted that even the fixed scenes in this study were not completely fixed, because some stimuli were modified to indicate samples for the next targets. Therefore, real effect of scene familiarity on performance might be larger than demonstrated in the present study. Nevertheless, these results suggest that in monkeys visual search may proceed somewhat more efficiently with a familiar scene. The benefits of performing visual search in a familiar scene was greater for the targets presented during the second half of each trial compared to those during the first half, suggesting that the retrieval of scene memory may occur slowly over a period of several seconds after the introduction of a familiar scene. Interestingly, the search times decreased in Experiment 1 when a new scene was selected for each target compared to when the same scene was used for all the targets in the same trial. This might be due to the high level of transient visual signals that resulted from the frequent randomization of the scene, and is likely to reflect a speed-accuracy trade-off, since the error rate was elevated in the same condition. Different levels of temporal transients might be responsible for similar paradoxical findings in previous studies (Wolfe et al., 2002) .
The effect of scene memory on search performance in human observers has been examined by a number of studies, but the results have been inconsistent. Horowitz and Wolfe (1998) examined how the efficiency of visual search changed when the search array was randomly shuffled approximately every 100 ms. Surprisingly, they found that search efficiency was unaffected by the random shuffling, compared to when the items in the search array remained in the same locations. Similarly, when subjects searched for multiple targets, the pattern of reaction time data did not provide any evidence that memory of previously examined locations is maintained (Horowitz & Wolfe, 2001 ). In addition, Wolfe, Klempen, and Dahlen (2000, 2002) showed that search efficiency remains unchanged even when search is performed many times in the same scene. However, memory might play a more important role when search is performed with directional motor responses, such as saccadic eye movements (Gilchrist & Harvey, 2000; Peterson et al., 2001 ). This might be related to an inhibitory tagging mechanism, referred to as inhibition of return (IOR; Klein, 2000; Posner & Cohen, 1984) . Consistent with the role of IOR during visual search, search was less efficient when targets were relocated to the locations previously occupied by distractors (Kristjansson, 2000) .
Sequence learning and visual search
When multiple items are searched in sequence, they might occupy specific spatial locations, thus requiring a certain sequence of movements to be generated repeatedly. In the present study, we examined how search performance is influenced when the target locations can be predicted based not only on the scene memory but also on the sequence of successive movements required to obtain targets. Similar to previous studies on serial reaction time task (Epelboim et al., 1995; Hyman, 1953; Keele & Boies, 1973; Lee, 2000; Nissen & Bullemer, 1987) , performance improved for the trials with repeated target sequences. In addition, search performance was enhanced by fixed scenes. This beneficial effect of scene memory was found in our first experiment when target locations were always random. However, in the second experiment in which target locations repeatedly followed a fixed sequence, the scene effect was manifested only for familiar target sequence, but not for randomly selected target locations. These results suggest that the formation of scene memory and its use in a sequential search task might be closely tied to the sequence of target locations and the corresponding movements. When the target locations repeatedly follow a particular sequence, the scene memory and the target sequence may be tightly integrated so that when the target sequence is randomized, the memory of a familiar scene is no longer applicable.
Neural mechanisms of learning and memory in visual search
Successful performance in visual search requires a proper coordination of multiple processes related to perceptual analysis and response generation. Accordingly, the neural mechanisms involved in visual search are likely to be distributed across multiple regions in the brain. In fact, imaging studies have shown that multiple areas in the frontal and parietal regions are activated during visual search (Corbetta, Shulman, Miezin, & Petersen, 1995; Donner et al., 2002; Leonards, Sunaert, Van Hecke, & Orban, 2000) . Furthermore, when a search task is performed with directional motor responses, such as eye or hand movements, brain regions involved in controlling motor responses may participate in the process of target selection. For example, using a single-cell recording technique, Schall and his colleagues have demonstrated that the primate frontal eye field (FEF) plays an important role in programming saccadic eye movements required to perform visual search (see Schall & Thompson, 1999) . They have also shown that when the same target is searched repeatedly, changes in behavioral performance are closely reflected in the pattern of neural activity in the FEF (Bichot & Schall, 1999 .
The results from the present study showed that when a search task is performed repeatedly in a particular scene, information about the scene and the sequence of target locations may be combined. This raises the possibility that the learning of familiar movement sequences and that of visual scene may involve common brain areas when search takes place repeatedly in a stable, predictable environment. The learning of sequential movements recruits a broad network of cortical and subcortical areas, including the basal ganglia, the cerebellum, and the supplementary motor area (Doyon et al., 2002; Grafton, Hazeltine, & Ivry, 1995; Hazeltine, Grafton, & Ivry, 1997; Jenkins, Brooks, Nixon, Frackowiak, & Passingham, 1994; Jueptner & Weiller, 1998; Lee & Quessy, 2003; Lu, Hikosaka, & Miyachi, 1998; Nakamura, Sakai, & Hikosaka, 1998; Rauch et al., 1997; Sakai et al., 1998; Seidler et al., 2002) . The medial temporal area might also contribute to the role of memory in visual search. The hippocampal memory system has been implicated in utilizing the contextual information to facilitate the search process (Chun & Phelps, 1999) . Information about spatial layout is also processed in the temporal cortex, such as parahippocampal place area (PPA; Epstein & Kanwisher, 1998; Epstein, Stanley, Harris, & Kanwisher, 1999) . Further studies will be needed to determine whether the PPA and other medial temporal regions contribute to mediating the effect of familiar scene during visual search, and how it interacts with the regions in the frontal cortex involved in response selection.
